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FINITE ELEMENT ANALYSIS OF WRINKLED MEMBRANE

STRUCTURES FOR SUNSHIELD APPLICATIONS

Abstract

The deployable sunshield is an example of a gossamer

structure envisioned for use on future space telescopes.
The basic structure consists of multiple• layers of pre-

tensioned, thin-film membranes supported by
deployable booms. The prediction and verification of

sunshield dynamics has been identified as an area in

need of technology development due tO the difficulties
inherent in predicting nonlinear structural behavior of

the membranes and because of the challenges involved

in ground testing of the full-scale structure. •This paper
describes a finite element analysis of a subscale

sunshield that has been subjected to ground testing in

support of the Next Generation Space Telescope
(NGST) program. The analysis utilizes •a nonlinear

material model that accounts for wrinkling of the
membranes. Results are presented from a nonlinear

static preloading analysis and subsequent dynamics
analyses to illustrate baseline sunshield structural
characteristics. Studies are then described which

provide further insight into the effect of membrane•

preload on sunshield dynamics and the performance of

different membrane modeling techniques. Lastly, a
comparison of analytical predictions and ground test
results is presented.

Introduction

Future large-aperture space telescopes such as the
NGST will require lightweight, deployable sunshields.

Sunshields (also referred to variously as solar shades,

thermal shields, and light shields) provide passive

cooling and/or stray light control for observatory optics
and instruments. I A conceptual design for the NGST

observatory, referred to as the 'yardstick' concept, was

developed by NASA to establish a reference design for

the mission and to identify areas in need of technology
development. 2 The 'yardstick' sunshield, Fig. l(a),
consists of multiple layers of pre-tensioned, thin-film

membranes that are supported by deployable booms.
The structural dynamics of the sunshield are a concern

due to the telescope's strict line-of-site pointing
requirements. Structural analysis techniques must
accurately characterize sunshield dynamics to ensure

that they will 'be attenuated bythe observatory's attitude

control system (ACS) and vibration isolation systems

such that they will not impair observatory performance.

John D. Johnston
NASA Goddard Space Flight Center, Greenbelt, MD

To mitigate risks associated with sunshield dynamics , a
program of analysis and ground testing was undertaken
by the NASA NGST team. The focus of these efforts is

a subscale model of the NGST 'yardstick' sunshield,
•Fig. l(b). 36 The main components of the sunshield test

article are a central mounting block, four support tubes,
and four thin-film membrane layers. The membranes

are attached at the central block and at the tips of the

support tubes. •A ladder structure at the tube tips
maintains the spacing between the membranes. The

membranes are attached to the ladder via the constant
force springs (CFS) that apply the preloads. The test

article is 3.4 m (134 in) long by i.52 m (60 in) wide

and has a total mass of 5 kg (11 lb). A modal survey of
the test article was completed in vacuum to gain insight
into sunshield dynamics and to provide data for model

correlation studies. The test setup consists of the

sunshield test article, a test stand, an electrodynamic
shaker, and the instrumentation suite. A schematic of

the test setup is shown in Fig. 2. The test article is
attached to the shaker armature at the central block and

is subject to base motion excitation. The
instrumentation suite for the tests consists of

accelerometers, force gages, and a laser vibrometer.

Tri-axial accelerometers are located at the tip of each
tube, on the central block, and on the test stand. A force

gage is located at the central block-shaker interface
point. The laser vibrometer is used to measure the

response of the outer membrane layer. Tests were
completed with the sunshield in two orientations: short
side down and long side down.

This paper describes new efforts to analyze the static

and dynamic behavior •of this sunshield. First, an

overview of the membrane modeling techniques
utilized to study the sunshield will be presented. A new

finite element model that accounts for the effects of
wrinkling via a nonlinear material model will then be

described and • results from a baseline analysis
presented. Next, results from the new wrinkled

membrane model will be compared with predictions

from alternate finite element models. Then, a parameter

study carried out to investigate the effects of varying

the CFS preloads will be described. Lastly, a
comparison between analytical predictionsand ground
test results will be presented.
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Membrane Modeling Techniquef

Structural modeling of sunshields is challenging due to
the complicated behavior of the thin-film membrane

layers. Thin-film membranes in a stress free state have
negligible bending stiffness. Out-of-plane stiffness is

obtained by applying in-plane tensile loads and must be

properly accounted for in structural models. In the case
of the NGST sunshield design considered here, the out-

of-plane structural stiffness is derived from the tensile

loading applied at the membrane comers by constant
force springs. An important characteristic of membrane

structural behavior is wrinkling. Structural (or stress)
wrinkles are out-of-plane deformations that occur due
to local buckling in regions of the membrane that

develop compressive stresses. The _details of the

wrinkling are dependent upon both the loading and
boundary conditions for the structure. Wrinkles must be

adequately accounted for in sunshield models because

their presence alters the in-plane stress distribution, and
hence the differential stiffness of the structure. 7

Typically, the capabilities of commercially available
finite element codes are inadequate to model thin,film

membrane wrinkling behavior. Several approaches
were investigated for modeling the behavior Of the

sunshield membranes, including: standard element
formulations, the cable network method, and membrane

elements in conjunction with a wrinkling material
model.

Modeling the thin-film membrane layers using standard

membrane or shell elements in the presence of
compressive stresses can lead to inaccurate results
because the in-plane stress distribution will not be

represented properly, and there may be numerical

problems during out-of-plane dynamics analyses. Shell

elements were initially utilized to model the sunshield,
but the normal modes analyses yielded spurious 'noise'
modes which .led to the investigation of alternative

modeling techniques. The cable network method was

developed specifically for modeling the dynamics of

pre-tensioned, wrinkled membranes. 8 The approach is
based on the Stein-Hedgepeth wrinkling theory where it

is established that load transfer in wrinkled regions

takes place along wrinkle lines. 9 In this approach, the
membrane is meshed with a network of rod elements
that is mapped to the wrinkle pattern of the structure.

This technique is useful for determining the out-of-
plane structural dynamic characteristics of wrinkled

membrane structures; _however, it is limited in that it

requires knowledge of the wrinkle pattern to create the

cable network. This method was previously been used
to model the 1/10 th scale NGST yardstick sunshield. 3-4

A more accurate representation of wrinkled membrane

structural behavior can be obtained by using membrane

finite elements in conjunction with a wrinkling (i.e. no-

compression or tension field) material model. 1°-_3 In
this approach, the state (wrinkled, slack, or taut) of each

membrane element is assessed using a wrinkling
criteria and the material properties are adjusted
iteratively during the analysis to account for the

behavior associated with the particular state Of that
element. The advantages of this method are that it can

be used to accurately determine the in-plane stress state

in the presence of wrinkling, as well as predict wrinkle

characteristics including wrinkled region geometry and
wrinkle directions. In the present study, the sunshield
membranes are modeled using membrane elements in
conjunction with a wrinkling material model.

S unshield Analysis

Anew structural analysis of the i/10 th scale NGST

sunshield was performed using a wrinkling material

model. The following sections describe the technique
used to analyze the sunshield membranes, details of the

overall finite element model, and results from a
baseline analysis.

Analysis Techniqu__

The analysis was performed using the commercially
available finite element analysis program ABAQUS. 14

Sunshield structural response is predicted using a
nonlinear static analysis that accounts for membrane

wrinkling effects through use of a user defined material
(UMAT) subroutine. The UMAT utilized here was

developed by Adler. 1° In this approach, membrane

element material properties are iteratively modified
during the analysis to account _ for the effects of

wrinkling and slackness. The analysis procedure is as
follows. First, a finite element model of the structure is

generated using membrane elements that are assigned
the wrinkling material model. Next, a nonlinear static

analysis of the structure is performed during which the

state of each element (taut, slack, or wrinkled) is
determined. A combined stress-strain criteria isused in

the UMAT to determine the element states. Following
the elements state determination, the stiffness matrix of

each element is updated as follows. If the element state
is taut, the stiffness matrix is unaltered. If the element

state is slack, the stiffness matrix is set equal to zero. If
the element state is wrinkled, the stiffness matrix is

modified according to Stein-Hedgepeth wrinkling
theory. 9 This theory predicts that the stress state in a

wrinkled region of a membrane is uni-axiai (positive

major principal stress and zero minor principal stress)
and wrinkles form in straight lines along the direction
of the major principal stresses (load transfer in the

wrinkled region is along these lines). Note that this
theory predicts average strains and displacements in the

wrinkled region, but not individual wrinkle details

(such as wrinkle amplitude and wavelength).
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FiniteE__-lementMode_._.!l

Thefiniteelementmodelof thesunshieldisshownin
Fig.3. Themodelincludesfour thin-filmmembrane
layers,four aluminumsupporttubesand their
associatedtiphardware,andacentralmountingblock.
The membranes are 1.27E-5 m (0.0005 in) thick kapton
and are modeled using membrane elements which are

assigned a wrinkling material model. Each of the four

membrane comers has a catenarv that is reinforced with
a kevlar string and mylar tapes. ;I'he string is 5.08E-4 m

(0.02 in) in diameter and is modeling using beam
elements. The tapes are 2.54E-4 m (0.001 in) thick and

are modeled using shell elements. The membranes are
attached to the support tubes via a spreader bar and

constant force spring (CFS) at each corner. The

spreader bars are modeled using beam elements. The
baseline CFS apply a preload of 1.425 N (0.32 lb) and

are modeled using beam elements. Two additional CFS
were considered: CFs2 = 2.848 N (0.64 lb) and CFS3 =

4.272 N (0.96 lb). The CFS forces are modeled using
the ABAQUS *PRE-TENSION SECTION feature.

This method is typically used to model fastener
preloads. At the end of each tube is a ladder structure to

which the CFS are attached. The ladder structures
maintain the correct spacing between the membrane

layers and are modeled with beam elements. An

accelerometer was mounted on the end of each tube

during ground testing. The total mass of the ladder,
CFS, and accelerometer is represented by a
concentrated mass element located at the tip of each

support tube. The tip masse s for each of the

configurations are: CFS1 = 34.1 g, CFS2 = 29.6 g, and
CFS3 = 32.2 g. The aluminum support tubes have a

circular cross-section (radius = 0.007938 m, wall

thickness = 0.001651 m) and are modeled using beam
elements. The density of the tubes has been modified to

account for the additional mass of the accelei'ometer
cables used in the ground tests. The central block is

represented using solid elements, with the connections

between the tubes and the central block modeled usingrigid elements.

The sunshield is supported at the central block. A bolt

passes through the center of the block and attaches the

model directly to the armature of the shaker for
dynamic testing. A force gage (represented in the model

by a stiff beam element) is located at the interface
between the central block and the shaker armature. Two

support conditions were evaluated: fixed support and
shaker support. The fixed support condition was used
for the baseline analysis and case studies, while the

shaker support condition was used for simulating the
ground tests. The fixed support model constrains the

sunshield in all degrees of freedom (DOF 123456) at
the attachment point of the test article to the shaker.

The shaker support case includes a 0.4 Hz rigid body
translational mode of the sunshield/shaker armature in
the z-direction observed in the ground tests. For the

shaker support case, a simplified two node support

model is included. One node is at the attachment point
of the sunshield to the shaker, while the other node is

constrained in all degrees _of freedom. The nodes are
connected by a rigid element with dependent DOF
12456 and an element with stiffness in DOF 3 selected

to reproduce the 0.4 Hz rigid body mode. Previous

studies demonstrated that it was necessary to model this

support condition to provide representative analytical
predictions for comparison with the test results. 4

Baseline Anal sis Results

The baseline analysis of the sunshield consists of a

nonlinear static preloading analysis to determine the

stresses and preloaded geometry subject to the CFS1
preloads in the absence of gravity loading, a modal
analysis to determine natural frequencies and mode

shapes, and finally a mode-based random response
analysis to characterize the frequency domain response.
The preloading analysis consists of two nonlinear static

analysis steps. In the first step the membranes are
subjected to an initial preload and constrained to

undergo only/n-plane deformations (required to remain
flat). This is necessaryto develop some initial out-of-

plane stiffness in the membrane elements. In step 2 the
out-of-plane constraints are removed and the full CFS

preloads are applied leading the membranes to naturally
develop the correct deformed configuration and

wrinkled stress state. Figure 4 shows the initial

undeformed shape and the final preloaded configuration

for the sunshield. Figures 5(a)-(b) present contour plots
of the major and minor principal stresses in the

outermost membrane layer after preloading for the

baseline case (CFSI= 1.425 N). The major principal
stresses range from a peak of 1.26 MPa (180 psi) to a
minimum of 0.02 MPa (3.3 psi) in the outer membrane

layers and 1.09 MPa (160 psi) to 0.06 MPa (8.7 psi) in
the inner membrane layers. The minor principal stresses

range from a peak of 0.17 MPa (25 psi) to a minimum
of 0 MPa (0 psi) in the outer membrane layers and 0.18
MPa (26 psi) to 0 MPa (0 psi) in the inner membrane

layers. The differences in the stresses between the outer

and inner membrane layers are due to the differing final
geometries (the membranes are not co-planar, there is a
small angular spread between layers). The wrinkled

region in the outermost membrane layer is shown in

Fig. 5(c) and is seento encompass a majority of the

membrane. Note that the predicted wrinkle regions for
the inner membranes are slightly smaller than that of

the outer membranes, and that the present analysis does
not predict the presence of any slack regions in the
membranes.

f
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A modalanalysisof thepreloadedsunshieldpredicts
347modes in the 0-10 Hz frequency range. The

fundamental mode of the system has a frequency of
2.54 Hz and is a membrane mode involving twisting of
the long side of the membranes about the y-axis.

Significant sunshield modes were selected using modal
effective mass (EFFM) in the RX direction as a

selection criteria. This metric was used throughout the
study to select the significant 'flexible' modes of the

system since out-of-plane bending modes of the

sunshield will have the greatest impact on telescope
pointing. There are 31 modes having greater than 0.1%

EFFM-RX. These modes account for 94% of the rigid
body mass of the sunshield in the RX direction (the sum

total % EFFM for all 347 modes is 96%). Mode 17 has

support tubes. The second group are membrane-tube

interaction modes. These modes fall within frequency
bandwidths surrounding the first mode of the long
support tube (approximately 3-4 Hz) and the first mode

of the medium length support tube (approximately 5-6
Hz). In general, the membrane tube interaction modes

have much greater effective mass than the membranemodes.

P_reload Effects Stud_

A parameter study was carried out to investigate the

effects of varying the preload applied to the membranes
by the CFS on the dynamic response of the sunshield.
Three different CFS values were considered:

the highest effective mass and involves the long support CFS1=1.425 N (baseline), CFS2=2.848 N, and

tube with participation from the long sides of the CFS3=4.272 N. As was the case with the baseline

membranes. A random response analysis was sunshield design, for each of these cases the comers of

performed to predict the response of the sunshield in the membrane were loaded equally. The following
the frequency domain. The excitation consisted of a analyses were completed for each case: nonlinear static
base acceleration of 10 rag, rms in the z-direction over

a frequency range of 0-10 Hz. The analysis included all
modes having EFFM-RX > 0.1% (31 modes) and a

value of 2% of critical damping assumed for all modes.
Figure 6 presents the magnitude Of the transfer
functions between the input acceleration and the

response at the tips of the long, medium, and short
support tubes (acceleration transfer function

magnitudes). There are several peaks in the long tube

response. The largest peak corresponds to the frequency
of the dominant mode identified in the modal analysis
(mode 17). There are essentially two major peaks in the

medium tube response at frequencies corresponding to

modes 110 and 150. Table 1 presents a list of key
system modes that were identified from the modal and
random response analyses. Mode shape plots for these

modes are presented Fig. 7 (note that the eigenvectors

have been normalized such that the largest
displacement entry in each vector is unity).

Table 1" Key system modes for baseline sunshield.

25 ranes

ranes

Based on inspection of results from the modal and

random response analyses, the sunshield modes were

categorized into two broad groups. The first group are
essentially local membrane modes and involve little or

no participation from the support tubes. _l'he lowest
frequency modes of the system are membrane modes.

Additionally, there are a number of higher-order

membrane modes predicted by the modal analysis in the
3--6 Hz that involve little or no participation from the

preloading analysis, modal analysis, and random

response analysis. The preloading analyses predict that
the membrane stresses increase linearly with the
increase in preload. The size and shape of the wrinkle

regions in the membranes show little change. Modal
analyses were completed for both the full sunshield and

the sunshield support structure (i.e. sunshield without

membranes). There are two significant modes of the

support structure in the 0-10 Hz frequency range that
correspond to bending modes of the long and medium

length tubes. The frequencies of these modes vary
between the three sunshield configurations due to: (1)
changes in the CFS preloads (increasing the preload
decreases the tube frequency) and (2) changes in the

total mass of the tip hardware (increasing the tip mass
decreases the tube frequency). The long tube mode

frequencies for each case are: CFS1=3.54 Hz,
CFS2=3.49 Hz, and CFS3=3.35 Hz. The medium tube

mode frequencies for each case are: CFS1=5.84 Hz,
CFS2=5.86 Hz, and CFS3=5.69 Hz. Modai analysis
predictions for the full sunshield demonstrate that

several aspects of system dynamics are altered by
varying the preloads as summarized in Table 2.

Table 2: Summary of modal analysis predictions
from preload effects study.

--------- -
rarameter CFS___._..__._I__ CFS2
# of Modes

Total EFFM (%)

F0 (I-rz)

FA(Hz)

347

96

2.54

2.67

______ 2.54
3.37

278
93

_ 2.66---
2.68

2.66

3.30

CFS3
184
95

3.10

3.10

3.12

3.43

The number of modes identified in the 0-10 Hz

frequency range decreased as the preload increased,

4
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while the sum total effective mass remained unchanged .
The frequencies and mode shapes of the complete
sunshield were altered by the increase in preload. The

frequency of the first mode (designated F0 in Table 2) is

seen to increase with increasing preload. The frequency
of the first significant mode (having EFFM-RX > 1%
and designated F_ in Table 2) is also seen to increase

with increasing preload. Node that these are not

necessarily the same modes with frequency shifts, the
modes shapes change significantly, Mode A involves

twisting of the long side of the membranes about the y-
axis. The frequency of this mode increased with

increasing preload, while the mode shape remained
approximately the same. Mode B is the mode with

greatest effective mass and corresponds to a membrane-

tube interaction mode near the frequency of the first

bending mode of the long tube. The frequency of this
mode is relatively unaffected by the increase in
membrane preload, however the effective mass of this

mode increases with increasing preload and the mode
shape change significantly. Figure 8 presents mode

shapes for mode B for each of the three CFS cases. In

each case a central region of the long side of the

membranes moves in-phase with the end of the long
support tube, while regions along the edges move out-
of-phase with the tube. Note that as the membrane

preload increases, the size of the central region
increases, while that of the edge regions decreases.

Results from the random response analyses provide

insight into the effects of preload on the frequency

domain characteristics of the sunshield. Figure 9
presents plots of the acceleration transfer function

magnitudes for the long and medium support tubes,
while Table 3 summarizes the frequencies of the two

largest peaks associated with the response at the tips of
the long and medium support tubes. Note that the two
largest peaks in response of the long tube bracket the

frequency of the fundamental mode of the long tube
without membranes for each configuration. Similar

behavior is noted for the medium tube. Note that the

frequency of the largest peak in the long tube response
corresponds to the frequency of the mode with the

greatest modal effective mass for each case. Inspection
of the frequency response plots also shows that as the

membrane preload increases, the number of significant
sunshield modes decreases. Finally, it is noted that as

the membrane preload increases, the peak response of
the sunshield to a given input increases.

Table 3: Summary of random response analysis
predictions from preload effects study.

• _Fr uency (Hz)
PeakRes onse I CFS1 I _

Medium tube -_'-e-e_'l_ed!um tube SPe_-I 6.31 5".38 5145

Medium tube - Peak 2 [ _

Membrane Modelin Techni ue Study

A study was completed to compare predictions for the

baseline (CFS1) sunshield using the following three
membrane modeling techniques: the current membrane

element with wrinkling material model (referred to as

the wrinkled membrane model in the following
discussion), shell element, and cable network. The shell
element model is identical to the wrinkled membrane

model, except that the membrane elements with the
wrinkling material model have been replaced with shell

elements having isotropic material properties. The cable

network sunshield model is described in detail in Ref.
4, Comparison of membrane stresses from the

preloading analysis can only be made between the shell
and wrinkled membrane models since the cable

network modeling approach does not provide stress

predictions. For the wrinkled membrane model, the

major principal stresses range from 1.26 MPa (180 psi)
to 0.02 MPa (3 psi) in the outer membrane layers, while

with the shell element model the stresses range from
1.61 MPa (233 psi) to -0.01 MPa (-1 psi). For the
wrinkled membrane model, the minor principal stresses

range from 0.17 MPa (25 psi) to 0 MPa (0 psi) inthe
outer membrane layers, while with the shell element

model the stresses range from 1.09 MPa (158 psi) to
-1.09 MPa (-158 psi). The major difference between the

results is the presence of both negative major and minor
principal stresses in the shell element model

predictions. Note that the negative major principal
stresses predicted by the shell model correspond to a
slack region that was not predicted by the wrinkled

membrane model. Table 4 presents a summary of
modal analysis results.

Table 4: Summary of modal analysis predictions

from membrane modeling technique study.

Wrinkled Shell Cable

# of Modes

Fo (Hz)

FA (Hz)

F8 (Hz)

Membrane
347
96

2.54

2.67

2.54

3.37 ._

156
96

1.41

3.10

2.86

3.59

Network

103
95

2.50

2.50

2.64

3.61

The total number of modes predicted by each of the

models varies significantly, but the total effective mass

in the 0- 10 Hz frequency range is approximately the

same. The lowest frequency mode (designated Fo in
Table 4) is approximately the same for the wrinkled

membrane and cable network models. The lowest
frequency mode predicted by the shell model is a so-

called noise mode wherein the mode shape involves

seemingly random membranes motions. 10 The

.
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frequencyof thefirstsignificantmode(havingEFFM>
1%anddesignatedF_in Table4) variesbetweenthe
models,with theshellelementmodelpredictingthe
highestfrequency.Themodeshapesfor eachofthese
modesprimarily involve the long side of the
membraneswithsomeparticipatefromthelongtube.
Theshellmodelmodeshapesdisplaysomeasymmetry
whilethosepredictedby thewrinkledmembraneand
cablenetworkmodelsaresymmetric.Thefrequencies
andmodeshapesformodeA (involvingtwistingof the
longsideof themembranesaboutthe y-axis)are
similarfor eachof themodels.Thefrequenciesof the
modehavingthegreatesteffectivemass(designated
modeB in Table5) arewithin10%,howeverthe
effectivemassandmodeshapesvaryingsignificantly.
Figure10presentsmodeshapecontourplotsfromeach
of the modelsfor modeB. The modeinvolves
participationfromboththelongsideofthemembranes
andthelongsupporttube.In eachcaseacentralregion
neartheendof thelongsideof themembranesmoves
in-phasewiththetipof thetube.Eachof themodels
alsopredictsaregionofthemembranesmovingout-of-
phasewith thetip of thetube,however,thesizeand
locationof thisregionvariessignificantlyfrommodel
tomodel.In general,thereis considerablevariationin
theresultspredictedby thethreesunshieldmodels.
Importantly,while thefrequenciesof thedominant
systemmodearesimilar,theeffectivemassandmode
shapespredictedby the threeapproachesdiffer
substantially.

•Corn arison with Ground Test Results

Ground testing of the one-tenth scale model NGST

'yardstick' concept sunshield was completed in July

2000 and December 2001 at NASA Goddard Space
Flight Center. A detailed summary of the test setup and
results is provided in Refs 5-6, 15. The ground tests
identified approximately twelve sunshield modes in the

0- 10 Hz frequency range for each sunshield
configuration. The lowest frequency modes of the

sunshield primarily involve the outer edges of the

membranes with no participation from the support
tubes. There are typically two dominant sunshield

modes that involve significant interaction between the

membranes and support tubes. The frequencies of these
modes roughly correspond to the frequencies of the

fundamental bending modes of the long and medium

tubes. The remaining modes fall into two categories:
membrane modes and membrane-tube interaction

modes. The majority of the membrane modes occur in

the 1 - 3 Hz frequency range (i.e. up to the frequency of
the first membrane-tube mode) and exhibit little or no

participation from the support tubes. These appear to be
local modes often involving flapping of the membrane

edges. There werealso a few membrane modes in the >

3 Hz frequency range that exhibit higher order

membrane motions that also exhibit little support tube
participation. The membrane-tube interaction modes

occur in the frequency range of 3 - 8 Hz and involve
higher-order membrane modes and participation from
the long and medium length support tubes.

The analysis of the ground tests included two

modifications to the previously described analysis.
First, the shaker support condition was utilized in order

to account for the shaker armature mode observed in
the tests. Second, gravity loading was included to

provide predictions for both the long and short side

down test configurations. Table 5 presents a
comparison of analytical predictions and test results for

the dominant system modes observed in the ground
tests. Results are compared for both the sunshield

support structure without membranes (Tubes-

LSD/SSD) and each of the sunshield configurations
tested in December 2001 (SS-CFS1-LSD, SS-CFS2-
SSD, SS-CFS2-LSD, and SS-CFS3_LSD).15 The LT

mode indicates the dominant mode associated with the
long support tube, while MT denotes that associated
with the medium tube:

Table 5: Comparison of analytical predictions and

ground test results for dominant sunshield modes.

Tubes-LSD

Tubes-SSO

SS-CFS1-LSD

SS-CFS1-SSD

SS-CFS2-LSD

LT 3.77
MT 6.06
LT 3.71
MT 6.10
LT 3.57
MT 5.51
LT 3.54
MT 6.36
LT 3.22
MT 6.44
LT -'-'-'-"---3.55
MT 5.65

SS-CFS3-LSD

3.63

5.75
3.43
5.92
3.35

5.51
3.21

5.83

A quantitative comparison was made between the

analytical predictions from the uncorrelated finite
element model and coarse mode shapes obtained from

the testing using modal assurance criteria (MAC)
calculations between the eigenvectors. The results

demonstrate that, in general, the analysis correctly
predicts the dominant modes. The predicted frequencies
of the support tubes (without the membranes) show
differences with the test results ranging from 3% - 8%

and the mode shape correlation was excellent. For the

complete sunshield, the dominant system modes

exhibited the best correlation. The predicted
frequencies show ' differences with the test results

ranging from 0% - 16% (average = 6%). The

correlation was poor for the lowest frequency
membrane modes. It is believed that this is due to three

6
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factors"(1) in somecasesthetestmodesexhibited
significantasymmetriesnotpresentin theanalytical
predictions,(2) theanalyticalmodeldoesnotpredict
anyslackregionsin themembranewhileinspectionof
thetestarticleduringgroundtestingrevealedthat
presenceof regionsalongthe outeredgesof the
membranesthatappearedto be slack,and(3)the
currentanalyticalpredictionsshowonlysmallchanges
duetotheinclusionofgravityeffectsthattheground
testsshowedto actuallybe significant.Figure11
presentsacomparisonof thepredictedandmeasured
modeshapesfor thedominantmodesof thesunshield
withtheCFS1,CFS2,andCFS3preloadsin thelong
sidedownorientation.In general,themodeshapes
agreewell in a qualitativesensefor bothof these
modes.Notethatthetestshapesexhibitasymmetries
thatarenotevidentinthepredictedshapes.

Conclusions

A new analysis of a one-tenth scale NGST sunshield

was completed using membrane elements in

conjunction with a wrinkling material model to model

the behavior of the thin-film membrane layers. Results

from a baseline analysis and a membrane preload
parameter study demonstrated key aspects of sunshield
static and dynamic behavior. A comparison of

predictions from sunshield models using three different

membrane modeling techniques was completed.
Significant differences were seen in the predictions
from each of the models, indicating that efforts to

analyze pretensioned, thin-film membrane structures

should not rely on any singletechnique for the
prediction of critical system performance

characteristics. Finally, a comparison of analytical

predictions and results fromground tests was presented,
The wrinkled membrane sunshield model exhibited

good correlation with test results for the dominant
system modes.
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Figure 1: NASA 'yardstick' concept for the Next Generation Space Telescope (NGST). (a) schematic of
observatory and (b) photograph of 1/10 th scale model sunshield during ground testing.
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!ii
Figure 4: Results from a nonlinear static preloading
final preloaded configurations (exaggerated). analysis of the sunshield showing: (a) initially fiat and (b)

Figure 5: Results from a nonlinear static preloading analysis of the baseline sunshield: (a) major principal
stresses, (b) minor principal stresses, and (c) wrinkled region.
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Figure 6: Results from a random response analysis of the baseline sunshield showing acceleration transfer
function magnitudes for the tips of the long, medium, and short support tubes.
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Figure 7: Mode shapes for key system modes
membrane layer). (contour plots of the out-of-plane displacements for the outer

Figure 8: Mode shapes for dominant system mode from preload effects study.
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Figure 9: Random response analysis results from preload effects study showing acceleration transfer functionmagnitudes for the tips of the long and medium support tubes.
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Figure 10: Modal analysis results from membrane modeling technique study. Contour plots of out-of-place
displacements of the outer membrane layer for mode. B.
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Figure 11 ••Comparison of analytical predictions and dominant modes from ground tests: (a) CFS1 - long side
down orientation, (b) CFS2 - long side down orientation, and (c) CFS3- long side down orientation.
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